To utilize and exploit pollen for in situ mutagen monitoring, screening and toxicl()ogy, the range of genetic traits in pollen must be identified and analyzed. Traits that can he considered include ornamentation, shape and form, male sterility viability. intraspecific incompatibility, proteins and starch deposition. To be useful for the development of mutagen detection systems proteins should be: (1) activity stainable or immunologically identifiable in the pollen. (2) the products of one to three loci, and (3) gametophytic and nuclear in origin. Several proteins including alcohol dehydrogenase in maize, which meet those criteria will be discussed. The waxy locus in barley and maize which controls starch deposition has been characterized genetically and methods have been developed for pollen screening and mutant detection. At Washington State University a waxy pollen system is being developed in barley for ill situt mutagen monitoring. The basis is an improved method for staining and scoring waxy pollen mutants. Specific base substitution, frameshift. and deletion mutant lines are being developed to provide information about the nature of the mutations induced by environmental mutagens. Thirty waxy mutant lines, induced by sodium azide and y-rays have been selected and are being characterized for spontaneous and induced reversion frequenicies, allelism. karyotype, amylose content, and UDP glucose glucosyltransferase (waxy gene product) activity. Twelve mutant alleles are being mapped by recombinant frequencies.
Introduction
Appropriate systems to monitor i7 situf the genetic hazards of environmental pollutants to man, animals, and plants, are very rare. Indeed, among higher eukaryotes only two systems, both plants, have been used with any success (1) . This paper is concerned with improving the capabilitv of plants for in situ monitoring of genetic effects of the environment.
In developing an in situ monitoring system it is first necessary to examine the criteria for such a system. An appropriate system should inclu(le: chromosome organization and molecular biology similar to that of the human organism, i.e., a eukaryote; well-defined and simply inherited genetic markers or traits; ability to provide reliable mutation frequency data from different stages in the life cycle at very low doses of environmental January 1981 mutagens; capability for measuring chronic exposures; a means for providing data on the nature of mutations, especially at the DNA level; short time between mutation induction and mutant screening; relatively low cost of culture and cost an(d time of training technicians to score genetic endpoints following mutagen treatment; small space requirement for mobile atmospheric testing laboratories and growth controlled chambers; and ability to grow under a wide range of atmospheric and soil conditions. Plants meet many of these criteria and have a number of advantages over mammalian and(i prokaryotic systems for environmental mutagen monitoring (1) . In addition to the advantages over mammalian systems, plants possess a pollen genetic system.
Pollen has several attributes for measuring biological damage when used as a monitor for air or soil pollution. It (4) that it is difficult to distinguish ornamentation patterns between species and even genera, and to use such patterns for taxonomic classification. This suggests that ornamentation does not involve simple genetic control. Furthermore, origin of the exine is sporophytic (5) , and the ornamental sculpturing is 20 probably of no value in a mutagen monitor where mutants expressedl in the haploid state are required.
Shape and Form
Distinct shapes and forms of the pollen ar e known but genetic analysis is lacking. Moreover. it is likely that the structures involved in shape and(I form are sporophytic in origin anti that allometrv is not a useful trait for measuring effects of mutagenis. However, pine (Pinus) pollen may have some potential for the screening of environmental mutagens. This pollen normally has two attache(i bladdlers: however, pollen with three anti four bladileres have been observed (R. Mack, personal communicationi). If simply inherited anti gametophytic in origin, this trait may prove useful.
Male Sterility
Genetic male sterility will leati to increase(d number of aborted pollen. Genes for male sterility have been identified in many plants. For instanice, in barley 16 loci are known (6, 7) . In such planits, forward mutations to male sterility could be itlentifie(l. However, since cytoplasmic male sterilitv also exists and leads to aborted pollen, scoring for forward mutations could be complicateti. On the other hand, reverse mutation in a homozvgous genetic male sterile line could lead to normal pollen (detected by fluorescein diacetate) anti seeti set, both easily scored.
Viability
Viability is probably controlled by a number of genes. This could be a useful multilocus system for mutagen monitoring. Stains for revealing viable or nonviable pollen are available to quickly record mutations at these loci. Mulcahy (8) has suggested an approach for recording such mutations.
Intraspecific Incompatibility
Mutations for genes controlling incompatibility, such as the S locus in Oenothera organensis can be readily detected and represent a potentially powerful monitoring system. Since this subject is covered elsewhere in this symposium (9) it is not further described here.
Protein Markers
Most of the apparent useful heritable traits identified in the pollen of various plant species are Environmental Health Perspectives proteins. However, pollen proteins have been identified and analyzed for reasons other than utilization in a mutagen monitoring and screening system, such as to determine allergen effects, incompatibility relationships ("recognition substances"), various aspects of beekeeping, and to identify varieties and subvarieties by isozvme patterns (10) . Numerous proteins, mostly enzymes, have been identified in pollen. Most were described by Brewbaker (11) and all are listed in Table 1 . Most are incorporated in the pollen wall and a major problem in analysis is to determine if a giveni protein is in the sporophytic or gametophvtic portion of the pollen (5 (11) teins in the pollen is important in relation to mutation induction and detection. It appears that proteins are synthesized and incorporated soon after the release of microspores frorm the tetrads (5, 17) .
Most proteins have not been characterized genetically nor localized within the pollen grains. Therefore, much more work is necessary before their potential use in mutagen monitoring systems can be evaluated. Nevertheless, several protein pollen markers as described below have some promise. These markers are: activity stainable or immunologically identifiable in intact pollen grains, the product of one to three genetic loci, and gametophytic and nuclear in origin. Such characteristics facilitate detection and screening of genetic variants.
Acid phosphatase is perhaps the most widely studied of the pollen protein markers (18) (19) (20) (21) (22) (23) (24) (25) . It has been localized in the intine (18, (23) (24) (25) and is thought to be controlled by three unlinked loci, AP,, AP2
and AP3 in maize (20) (21) (22) . Acid phosphatase activity is stainable by incubating pollen 1-5 min with a-naphthyl acid phosphate coupled with hexazonium pararosanilin to give a reddish-brown color (26) .
The substrates naphthol S-Bi or AS-TR phosphates can also be used; however, the reaction is not as rapid (25) . In addition, Fast Garnet GBC can be used as a coupler to yield a purple-black color and has been shown to specifically inhibit AP3 (19) .
Three AP1 isozymes occur in maize pollen (20) . The enzyme appears to be a dimer and is synthesized after meiosis since pollen from heterozygous plants lack hybrid enzyme. Segregation ratios of AP1 isozyme activity levels showed that the isozymes are controlled by a single gene.
Leucine aminopeptidase is widely distributed in angiosperm pollen (10) . In maize endosperm there are apparently four genes involved (27) . However,in pollen it appears that only one to three are expressed for a given species (10, 11) . Genetic polymorphisms occur in maize pollen for the LP2 locus (11) . Electrophoretically separated proteins are activity stained by using L-leucyl-3-naphthylamide HCI as a substrate and Black K salt, a diazonium dye, as a coupler, to yield a deep purple color. Such a procedure might be useful for pollen staining, but as yet the enzyme has not been localized. a-Amylase (Amy) is apparently under the control of a single gene in maize (28) and barley (29, 30) . In barley there are at least three alleles at the Amy locus which give rise to the three isozymes, a-type 1, a-type 2, and a-type 3. Jones and Chen (31) used immunofluorescent antibodies to localize a-amylase in barley aleurone cells. It should be possible to use a similar method for detecting a-amylase in pollen. Amylase has been shown to be readily diffusible 22 from birch pollen after 1 min, indicating it may be sporophytic in origin (32) . However, Knox and Heslop-Harrison (25) report that the activity was localized in the intine. Further work to localize the enzyme accurately is needed.
The alcohol dehydrogenase (Adh) locus in maize (33-35) is controlled by two unlinked genes, Adhi and Adh2. The functional enzyme can be found electrophoretically as either a homodimer or a heterodimer of the gene products of the Adhi and Adh2 loci. The maize alcohol dehydrogenase has been purified and partially characterized (35) and numerous mutant enzymes have been electrophoretically characterized by Schwartz (33, 36) . Only Adhi is expressed in the pollen grain, and most of the Adhi polypeptides are synthesized after anaphase II of meiosis (37) . The use of maize Adhi as a monitor of environmental mutagens has been discussed by Freeling (35) and is reviewed further in this publication (38) .
There are several pollen wall antigens which may be useful for mutagen monitoring. Of these, antigen E is perhaps the best characterized. Immunofluorescent antibodies (39) revealed antigen E of ragweed (Ambrosia) to be localized to the intine. Antigen E was localized to the intine and exine of the pollen of Cosmos (40) . With fresh pollen, much of the antigenic material was discharged into the medium; therefore, it may be necessary to use frozen pollen for effective immunofluorescent detection and screening.
Starch Deposition (Waxy)
The waxy trait has been observed in over 15 genera of angiosperms and is characterized by failure of amylose deposition in the endosperm and pollen grain starch (41) . Starch granules in the cereal pollen grain begin to appear just after the second pollen mitosis (42) and are gametophytically controlled (41) . Waxy and nonwaxy pollen stain differentially with iodine, blue for pollen with normal starch and amylose content and reddishbrown for pollen with amylopectin and no amylose. All of the early genetic research on waxy pollen has been reviewed by Eriksson (41) . Genetic studies in maize, barley, rice, and sorghum concluded that the waxy character is inherited as a monofactorial recessive.
The waxy locus offers several distinct advantages for a mutagen monitoring system. Because mutants are identified by iodine staining, the procedure is relatively simple and not as time consuming as procedures requiring cumbersome electrophoretic detection methods. In addition, the pollen screening procedure is much less costly than those Environmental Health Perspectives requiring complex reagents or immunochemicals for mutant identification. Some knowledge of the biochemistry of the waxy gene product is available. Waxy mutants in maize completely lack starch granule-bound uridine diphosphoglucose (UDPG) gluocosyltransferase activity (43) and enzyme activity is linearly proportional to the number of starchy (Wx) alleles present in the endosperm (44) . These results support the suggestion that the waxy locus is the structural gene for the UDPG glucosyltransferase.
The pollen waxy locus of maize has been used to detect the genetic effects of herbicides and is being developed into a mutagen monitoring system (45, 46 ). This system is described in detail in these proceedings (47) .
Development of a Waxy Pollen System in Barley
The development of a waxy pollen system in barley for mutagen monitoring (both frequencies and nature of events) has been underway at Washington State University for several years. Included in the overall objective is to develop a genetic system that is highly sensitive to low levels of mutagens and that can measure the frequencies and kinds of changes at the DNA level. The attributes of the pollen system have been described above.
Barley was selected because it: (1) is genetically well characterized, (2) is a self-pollinated diploid, (3) has seven pairs of relatively large chromosomes, (4) is easy to culture and grows under a wide range of climate and soil conditions, (5) is small in stature and many plants can be confined to laboratories and controlled growth chambers, (6) exhibits some meiotic synchrony, and (7) is the foremost of all plants in terms of studies on experimental mutagenesis (48) (49) (50) . The synchrony of meiosis permits treatment of microsporocytes and scoring for waxy mutants and chromosome aberration in pollen at precise times. It is also adaptable for in situ monitoring of genetic activity in the environment in and around laboratories, factories, nuclear reactors and waste chemical dump sites, and of chemicals involved in agricultural practices. Mutations at the waxy locus in barley were used to detect the mutagenic effect of ethylene oxide in air around Stockholm (51) .
A key to the development of this system is a rapid mass-screening technique for analyzing waxy mutants of pollen (52) . It permits the analysis by one recorder of one million pollen grains from 15 different spikes in an 8-hr day and has led to reliable data for forward mutations and mutant allele revertants and recombinants.
Mutant lines induced by base substitution (sodium azide, ethyl methanesulfonate), frameshift (acridine, proflavin), and deletion (ethyl methanesulfonate, y-rays) mutagens are being selected and developed to provide information about the nature of the mutations induced by environmental mutagens and to provide a broad base for detecting different mutagens.
To date, about 30 mutant lines induced primarily by sodium azide and gamma rays have been selected. These are being characterized for spontaneous reversion rates, amylose content, enzyme activity, and karyotype. They will also be characterized as to reversion frequencies induced by the different mutagen types.
Sodium azide is probably the best candidate in barley for a base substitution mutagen. It does not induce chromosome breaks in barley nor sister chromatid exchanges in mammalian cells (53) . However, it induces very high frequencies of chlorophyll-deficient mutations in barley and has been shown to be a base substitution mutagen in Salmonella (54). It is a major environmental mutagen as it is used in medicine, agriculture, auto air bags, and airplane escape chutes. Spontaneous frequencies of some waxy mutant lines induced by sodium azide are shown in Table 2 . For the most part, the reversion frequencies are high but stable from year to year. Among these mutant lines, Az 24 and Az 44 appear to have the most stable baseline reversion frequency since little difference in reversion frequency is observed between plants within these mutant lines.
Spontaneous reversion frequencies from some lines induced by y-irradiation are shown in Table 3 .
These frequencies range from 6.2 x 10-5 to 31.6 x 10-5. The mutant line gamma 5 appears to have the most stable baseline reversion frequency and is the most promising putative deletion line thus far available.
Chemical and karyotype characterization of the waxy mutant lines has made considerable progress.
Twenty-one azide-induced and seven y-ray-induced waxy mutants were analyzed for amylose content and none contained this compound. In addition, six y-induced and two azide-induced waxy mutants were analyzed for UDPglucose glucosyltransferase activity. One azide-induced mutant showed substantial activity (36% of normal); however, this might possibly be due to the presence of contaminating nonendosperm tissue in the starch extract.
Examinations of chromosome morphology during somatic metaphase and meiosis have revealed no major change in several azide-induced mutants, but some possible chromosome changes in two y-ray induced mutants.
Six mutant waxy alleles were preliminarily mapped in 1979 from allelic recombination frequencies (55) . Recombination frequencies from additional crosses among these plus six other alleles are now being obtained for more comprehensive mapping of the locus.
